Objective: Preoperative left ventricular systolic function is an important prognostic factor in patients undergoing mitral valve surgery. Preoperative myocardial deformation may be impaired without reduction in conventional indices such as ejection fraction (EF). Strain rate (SR) imaging is very sensitive in detecting regional systolic abnormalities and might allow diagnosis of subclinical changes in systolic left ventricular (LV) function before surgery. We aimed to investigate the value of preoperative regional myocardial peak systolic SR as a predictor of postoperative LV systolic function in patients with severe mitral regurgitation (MR) undergoing surgery. Methods: A total of 62 patients (age 52 AE 12) with chronic severe MR, who underwent mitral valve repair, were studied. A standard echo examination, extended with tissue Doppler, was performed before and at 12 months after surgery. For the evaluation of longitudinal function, mid-ventricular segment shortening was analysed for the septum, LV lateral wall and anterior and inferior walls. Results: Patients were divided into two groups based on postoperative EF: group 1 with EF post-op > 50% and group 2 with EF post-op < 50%. Group 1 had a significantly ( p = 0. ). When SR was corrected for size, the SR/EDV index (EDV is end diastolic volume) also showed significant changes ( p = 0.0007) at baseline between the groups. For detecting subclinical changes in deformation of the LV lateral wall, a cut-off value of the SR/EDV index < 0.006 had 89% sensitivity and 93% specificity; for the anterior wall, SR/EDV index < 0.005 had 88% sensitivity and 94% specificity. Conclusions: SR imaging (corrected for geometry) can detect abnormalities in LV function at subclinical levels in patients with severe mitral regurgitation. #
Introduction
Preoperative left ventricular (LV) systolic function is an important prognostic factor in patients undergoing mitral valve (MV) repair/replacement. Therefore, reliable assessment of preoperative function is a critical concern in deciding the timing of MV surgery. For detecting subclinical LV myocardial dysfunction, parameters such as LV cavity dimensions and ejection fraction (EF) have been widely used but these standard parameters are indirect measurements of intrinsic myocardial function and additionally reflect the haemodynamic consequences of mitral regurgitation (MR). Therefore, preoperative myocardial deformation may be impaired without reduction in conventional imaging indices [1] [2] [3] [4] [5] [6] .
Several studies have shown that asymptomatic patients with normal EF should undergo surgery without waiting for the development of symptoms of reduced EF. The conclusion is based on reduced EF post-op which has a marked influence on survival after MV repair.
In the context of patients with chronic severe MR, if surgery is postponed until the patient becomes symptomatic, there may already be irreversible LV dysfunction present.
Regional strain (S) and strain rate (SR) imaging is a new cardiac ultrasound modality [based on myocardial velocity imaging (MVI)], which allows detection of abnormalities in regional deformation that are closely related to changes in regional contractile function [7] . It has been shown to be an accurate method for the noninvasive quantification of systolic deformation, and can, in certain disease states, detect subclinical changes in regional systolic function than either conventional echocardiography or MVI [7] [8] [9] [10] [11] [12] [13] . Therefore, in our study, we aimed to analyse the LV regional myocardial deformation indices (SR/S) in patients with chronic severe MR undergoing MV repair to assess clinical usefulness of the SR imaging in detecting preoperative subclinical abnormalities and to compare them with standard echo parameters. We also aimed to predict postoperative LV systolic function at the 12-month follow-up based on preoperative parameters in this group of patients.
Methods
The study population included 62 consecutive patients (41 men and 21 women) with isolated chronic severe MR without significant coronary artery disease who underwent MV repair. Patients were qualified for surgery according to the guidelines, which recommends surgery for all symptomatic patients and asymptomatic patients when EF < 50% and/or end systolic diameter, that is, ESD > 4.0 cm [14] . New York Heart Association (NYHA) functional class and symptoms were assessed. Standard echocardiography extended with tissue Doppler imaging (strain rate and strain) was performed in all patients before surgery and at 5 days, 6 weeks and 3, 6 and 12 months after surgery. Patients were diagnosed with severe MR based on their regurgitant volume (RV > 60 ml).
Patients were excluded if they had MR due to ischaemic heart disease or cardiomyopathy, had associated mitral stenosis or any other form of valve disease, which was more than trivial, atrial fibrillation, bundle branch block or a history of previous cardiac surgery. An informed written consent was obtained from all subjects.
For P2 prolapse, quadrangular resection was used. When required, artificial cords were also used. An annuloplasty ring was used to stabilise the annulus. In all patients, only antegrade cardioplegia with topical cooling was used. Antegrade cold blood-based cardioplegic solution was used to obtain complete arrest and was repeated at half dose every 20 min.
From the 102 patients with MR initially assessed for the inclusion into the study, 40 patients were excluded due to coronary artery disease based on the coronary angiogram. Sixty-two patients with MR were included and in these, all echocardiographic parameters could be assessed. None of these patients showed any echocardiographic evidence of ischaemic or structural heart disease. The aetiologies of the isolated long-standing MR were as follows: mitral valve prolapse (49 patients) and leaflet noncoaptation (13 patients).
Patients were divided into two groups depending on postoperative EF (at 12 months) after MV repair: with EF postop ! 50% (group 1) and patients with EF post-op < 50% (group 2). All the patients in group 2 were divided based on their clinical symptoms preoperatively: group 2A included asymptomatic/minimally symptomatic patients (NYHA functional class I and II) with EF pre-op > 50% and group 2B included severely symptomatic patients (NYHA functional class III and IV) with EF pre-op < 50%.
Standard echocardiography
Standard echocardiographic data, including the acquisition of MVI data sets (for the calculation of SR and S), were obtained from all patients. All echocardiographic studies were performed using a Vivid 7 ultrasound scanner (General Electric -GE Vingmed). The images were acquired from standard parasternal and apical views. Standard LV M-mode measurements included the estimation of LV end systolic diameter (ESD), end diastolic diameter EDD, intraventricular septum and LV posterior wall thickness. Ejection fraction, end diastolic volume (EDV), end systolic volume (ESV) and stroke volume (SV) were measured using the biplane Simpson's method.
Strain rate imaging study
For the evaluation of longitudinal function, mid-ventricular segment shortening was analysed for the septum, LV lateral wall and anterior and inferior walls. For the evaluation of radial deformation, the mid-ventricular segment of the LV posterior wall was analysed. Strain (S) defines the amount of local deformation expressed as a percentage and is derived by integrating the SR curve over time. Strain rate (SR) measures the rate of segmental deformation and corresponds to the local spatial velocity gradient, expressed in s À1 [7] . By convention, SR values are positive when a myocardial segment thickens/lengthens and negative when a segment thins/shortens. Computational areas with a length in the direction of the scan line of 10 mm (longitudinal) and 5 mm (radial) and with a width of 1 mm (to avoid averaging different ultrasound beams) were used. Frame by frame manual tracking was performed during postprocessing to maintain the computational area within the myocardial region of interest throughout the cardiac cycle. SR and S values were averaged over three consecutive cycles. Aortic valve opening and closure were defined using pulsed wave blood pool Doppler tracings acquired during the same examination and with a similar R-R interval on ECG in order to determine the duration of ejection. Peak systolic SR and end systolic S during the ejection period were assessed for each segment.
In addition, a deformation index, normalising the deformation parameters by the end diastolic volume (SR/ EDV and S/EDV), was determined in order to correct for the volume dependency of deformation [15] .
All data were analysed off-line using a dedicated workstation (GE Echopac). A frame rate of 200-300 frames per second was used to acquire data. An image sector angle of 158 and an optimal depth of imaging were used to increase the temporal resolution. Special attention was paid to the colour Doppler velocity range setting in order to avoid any aliasing within the image. For this purpose and to simultaneously optimise velocity resolution, pulsed repetition frequency values were set as low as possible, just to avoid aliasing.
Statistical analysis
Results are expressed as means AE SD (standard deviation). Statistical analysis was performed with Statistica (version 7.1, StatSoft Inc, Tulsa, OK, USA). The comparison between the groups was performed using an analysis of variance (ANOVA) test. Bonferroni adjustment was made for multiple comparisons. The paired Student's t test was used for normally distributed variables. For correlations between variables, the Pearson correlation was calculated. A twotailed p-value of <0.05 was considered statistically significant.
Results
The study population included 62 patients who underwent MV repair (41 men and 21 women), age 52 AE 12.
Group 1 included 45 patients (EF post-op > 50%), group 2 included 17 patients (EF post-op 50%). Two subgroups were then isolated from group 2: group 2A -12 patients (EF preop > 50% and EF post-op 50%) and group 2B -5 patients (EF pre-op 50% and EF post-op 50%). All patients had normal coronary arteries based on angiography performed before surgery.
The preoperative clinical characteristics of all patients are presented in Table 1 . Standard echocardiographic parameters of the studied patients before surgery are presented in Table 2 . The cross-clamp time during mitral valve surgery varied between 48 and 97 min and by-pass time between 60 and 112 min.
Patients in group 2A had preoperative LV diameters (EDD, p = 0.03; ESD, p < 0.0001) and volumes (EDV, p = 0.03; ESV, p < 0.0001) which were significantly higher compared to group 1. Similarly Group 2B showed significantly higher LV dimensions (EDD, p = 0.001; ESD, p < 0.0001) and volumes (end diastolic volume, i.e. EDV, p < 0.0001; ESD, p < 0.0001) compared to group 1. EF pre-op and FS of group 2B were significantly lower compared to group 1 ( p < 0.0001) and group 2A ( p < 0.0001). There was no statistical difference in EF pre-op and FS between group 1 and 2A and no difference in SV between any of the groups. LV mass and LV mass index (LVMI) were increased significantly before surgery in group 2A and 2B compared with group 1 (LV mass: p = 0.03 and p < 0.0001, respectively; LVMI: p = 0.002 and p < 0.0001).
There was no statistical difference in preoperative HR between the groups. Fig. 1 shows EF in the study patients at the different follow-up intervals. EF post-op decreased significantly in all the patients. However, in group 1, EF post-op subsequently improved at 12 months when in groups 2A and 2B, EF post-op remained relatively constant and then decreased at 12 months.
Strain and strain rate imaging data
Each segmental data set acquired allowed the processing of regional deformation traces which were interpretable. The apical four-chamber view was used to quantify longitudinal systolic deformation of the mid-segments of septum and LV lateral walls and the two-chamber view was used for Values are mean AE SD. SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate; BMI, body mass index; BSA, body surface area; NYHA, New York Heart Association. anterior and inferior walls (in total, 1406 segments were analysed in longitudinal deformation).
Longitudinal peak systolic SR values (Table 3) were significantly lower in group 2 (represented by 2A and 2B together as group 2B included only five patients) compared to group 1 ( p < 0.0001) in all analysed segments. Similarly, radial and longitudinal end systolic S values (Table 4) were significantly lower in group 2 compared to group 1 ( p < 0.0001). Fig. 1 shows EF in the study patients at different follow-up intervals, before and after surgery. EF post-op decreased significantly in all the patients right after the procedure. However, in group 1, EF post-op subsequently improved at 12 months when in groups 2A and 2B, EF post-op remained relatively constant and then decreased even more at 12 months. Fig. 2 shows the follow-up of longitudinal SR. Longitudinal speed of deformation (SR) does not change significantly before and after surgery in LV lateral and anterior walls in groups 1 and 2, but there is a significant difference in pre-and postoperative SR values in septum in both groups 1 and 2. In the inferior wall, a difference between pre-and postoperative SR was detected only in group 1 (no changes were noticed in group 2). Fig. 3 shows a significant correlation of preoperative longitudinal SR and EF post-op (after 12 months). There was Values are mean AE SD. LV: lateral wall; LAX: long-axis; sensitivity and 92% specificity. For anterior wall, SR = À1.1 had 82% sensitivity, 93% specificity and index SR/EDV = À0.005 had 87% sensitivity and 93% specificity. * p < 0.0001 versus group 2.
also a significant correlation between preoperative S and EF post-op 12 months after surgery for the LV lateral wall (R = 0.91, p < 0.001), for the septum (R = 0.79, p < 0.001), for the anterior wall (R = 0.88, p < 0.001) and for the inferior wall (R = 0.78, p < 0.001). A correlation was also found between radial deformation and EF post-op (SR: R = À0.58, p < 0.001; S: R = À0.59, p < 0.001). There is a tendency towards lower preoperative deformation for lower EF post-op . It shows that patients who present with low deformation indices preoperatively and preserved EF pre-op (Fig. 3 ) present with significant LV dysfunction after surgery. This indicates that LV dysfunction could have already been present before surgery but was not detected by standard echo parameters as possibly masked by volume overload. Group 1 had wellpreserved EF pre-op and high preoperative deformation indices (Fig. 2) and presented with normal EF after surgery. Group 2B was a group of patients who already were known to have poor EF pre-op which was confirmed by preoperative SR/S values and remained poor 12 months after (Fig. 2) . Fig. 4 shows the geometry-compensated deformation indices (calculated by dividing deformation by volume: SR/ EDV). It shows a significantly higher postoperative index compared with the preoperative period in group 1 in the anterior, inferior and lateral walls (longitudinal deformation). When the deformation index changed in most of the walls, it did not change in the septum which is most likely associated with the septal impairment found in patients following cardiopulmonary bypass. No changes were noticed in the deformation index (SR/EDV and S/EDV) in group 2 for longitudinal deformation between the pre-and postoperative periods.
There was a significant correlation between the preoperative longitudinal deformation index (SR/EDV) and EF post-op (12 months after surgery), as well as the S/EDV index and EF post-op (LV lateral wall R = 0.73, p < 0.001, septum R = 0.66, p < 0.001, anterior wall R = 0.72, p < 0.001 and inferior wall R = 0.61, p < 0.001). A significant correlation was also found between the radial deformation index and EF post-op (SR: R = À0.62, p < 0.001; S: R = À0.67, p < 0.001). These results confirm that patients with low preoperative deformation indices (SR/EDV and S/EDV) show significant dysfunction after 12 months as expressed by low EF post-op .
For detecting preoperative subclinical changes in deformation of the LV lateral wall, a cut-off value of SR = À1.4 s À1 had 83% sensitivity, 93% specificity and the SR/EDV index = À0.006 had 89% sensitivity and 93% specificity. For anterior wall, SR = À1.2 s À1 had 83% sensitivity, 94% specificity and the index SR/EDV = À0.005 had 88% sensitivity and 94% specificity.
Discussion
Asymptomatic patients with chronic MR have a good prognosis in the presence of preserved systolic LV function. Many remain clinically stable for years but others develop symptoms or LV dysfunction and require urgent surgery. The decision for the optimal time for surgery before development of LV dysfunction and progression of symptoms is critical, as prognosis after surgery is poor in patients with permanent LV damage.
It is a challenge to recognise this group of patients with subclinical myocardial dysfunction in order to operate early enough to prevent postoperative heart failure but not so early to subject them to unnecessary operative risks. Therefore, the optimum timing of surgery still remains unclear. How early is early and how late is too late?
In severe MR, chronic LV dilatation and eccentric hypertrophy occurs to accommodate the additional regurgitant volume and maintain LV systolic function. The progressive LV dilatation leads to an increase in ESV (and associated wall stress) and followed by the development of contractile dysfunction. However, a significant increase in ESV and reduced EF are the results of severely impaired LV systolic function. In accordance with standard criteria (ACC/ AHA Guidelines [14] ), EDD, ESD and EF are widely used for the timing of surgery in chronic MR. As it is widely used, it is important to realise that standard grey scale parameters are volume dependent and reflect only global deformation. The subtle degree of LV dysfunction may be masked by volume overload and therefore, cannot be detected by conventional echocardiography.
In this article, we have presented the analysis of preoperative and postoperative LV deformation in patients with severe MR, undergoing surgery. It is shown that in volume-overloaded hearts, the initial LV response to increased SV is to increase both contractility (hypertrophy) and LV diameter, thus increasing SV at the cost of an increase in wall stress. We have already shown that in a group of patients with MR who did not require surgery, the increase in size will decrease regional deformation while hypertrophy and increase in SV will increase deformation. The result of these competing mechanisms is that deformation remains constant while the ventricle dilates to cope with the required increase in SV. However, since the chronic increase in wall stress will result in myocardial damage, this will induce a fall in peak systolic deformation indices when LV contractile function is no longer preserved. At this stage, deformation does not remain constant anymore and will decrease [15] .
As in group 1 in our study, well-preserved preoperative LV systolic function, confirmed by normal values of preoperative deformation indices (SR and S), as well as standard echo parameters (EF), allowed the prediction of well-preserved postoperative LV function at the 12-month follow-up. In group 2A, despite the impression of well-preserved LV systolic function preoperatively based on EF pre-op , deformation indices were shown to be significantly lower (compared to group 1). This group showed significant deterioration of function on standard echo at the 12-month follow-up. This most likely indicates masked LV dysfunction already present before surgery which was unmasked after the correction of the valve disease, changing the haemodynamic conditions of the myocardium after surgery.
The last group (group 2B) showed to be at severe risk of irreversible myocardial damage already before surgery, with significantly low SR and S values as well as decreased EF pre-op . This group showed that low preoperative deformation remained low after surgery and EF post-op decreased even more significantly at 12 months.
Since deformation and size (volume) are related, it is suggested that correcting deformation parameters for changes in geometry are a sensitive way of detecting early changes in contractile function. The geometry-compensated deformation indices (calculated by dividing deformation by volume) also showed to be significantly reduced in patients with severe MR preoperatively confirming the prediction of EF post-op .
Conclusion
SR and S imaging (corrected for geometry) can be used as a risk stratification tool in diagnosing changes in LV dysfunction at a subclinical level in patients with significant volume overload and allows prediction of postoperative LV function.
